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In a previous study using microcosms from a site contaminated with γ- 
hexachlorocyclohexane (γ-HCH), rapid anaerobic biodegradation of γ-HCH to benzene 
and chlorobenzene was observed.  Enrichment cultures were developed and subsequently 
transferred to an anaerobic sulfate-free HEPES buffered medium without loss of γ-HCH 
dechlorination, thus suggesting γ-HCH undergoes anaerobic biodegradation via 
chlororespiration.  The overall objective of this thesis was to further characterize the 
enrichment culture.     
 To do so, one specific objective was to determine the effect of vancomycin on γ-
HCH in an enrichment culture grown in a sulfate-free HEPES buffered medium using 
hydrogen as the electron donor.  This objective would help to gain insight into the type of 
microbe responsible for the dechlorination of γ-HCH to benzene and chlorobenzene.   
The other specific objective was to measure the yield of the HEPES-buffered enrichment 
culture by monitoring the increase in 16S rRNA gene copies for Bacteria versus 
hydrogen consumption and dechlorination of γ-HCH. An increase in biomass in 
treatments with γ-HCH and no observed increase in biomass in treatments without γ-
HCH would establish that the growth of the culture was directly linked to the anaerobic 
dechlorination of γ-HCH.   
 The addition of 100 mg/L of vancomycin had a strong effect on γ-HCH 
dechlorination.  In treatments containing vancomycin the total benzene and 
chlorobenzene formed ranged from 0.15-1.47 µmol/bottle as opposed to the treatments 
not containing vancomycin in which total benzene and chlorobenzene formed ranged 
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from 25.0-31.0 µmol/bottle over the 125 day incubation period.  The results with 
vancomycin further demonstrate that the microbe responsible for γ-HCH reduction is 
likely to be non-spore forming and gram positive.   
 Due to the formation of organic acids, including propionate and formate, as well 
as no clear distinction of total growth between treatments with and without γ-HCH 
reduction, it was not possible to determine a cell yield using a universal Bacteria primer.  
However, in the treatments that were inoculated and hydrogen was consumed there was a 
positive correlation between gene copies per mL and hydrogen consumed.  It is 
recommended that additional research be completed to determine the specific microbe 
responsible for the dechlorination of γ-HCH and then a more specific primer be used to 
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The topic of this thesis is anaerobic microbial dechlorination of γ-
hexachlorocyclohexane (HCH).  To put the specifics of this research into context, the 
following sections of the Introduction present an overview of HCH isomers, including 
their uses and environmental contamination, and a summary of what is known about 
anaerobic biodegradation. Of particular interest are the recent results obtained by Elango 
(8, 9), since the research in this thesis is an extension of the findings from his work.  Two 
main issues that form the basis for this research are described.  Since one of these 
involved the use of vancomycin to inhibit gram positive bacteria in an enrichment 
culture, a summary of prior work involving vancomycin is presented.  The other main 
topic for this thesis involved measuring the growth of an enrichment culture that 
anaerobically dechlorinates γ-HCH.  Since the method of quantification involved the 
quantitative polymerase chain reaction (qPCR), a description of this technique is 
provided.  Lastly, the specific research objectives are presented. 
1.1 Hexachlorocyclohexane Isomers and Lindane 
There are five stable isomers of HCH (α, β, γ, δ and ε) that have been used in 
pesticide formulations.  Use of HCH isomers as a pesticide began in the 1940s and has 
continued worldwide even though it has been banned in many countries within the last 
two decades, including the United States, Japan, France, China, and India.  Technical 
HCH and lindane are the grades associated with HCH. Lindane contains more than 90% 
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of the γ isomer as well as traces of the other four. Technical HCH is composed of 60-70% 
α-HCH, 5-12% β-HCH, 10-12% γ-HCH, 6-11% δ-HCH and 3-4% ε-HCH (26).  Only γ-
HCH has insecticidal activity; however, both lindane and technical grade HCH have been 
used. Approximately 10 million tons of technical grade HCH has been applied worldwide 
since the 1940s (7, 14).   γ-HCH has been used as an insecticide on fruits and vegetables, 
rice paddies, and animals.  Medically, it has been applied topically to people for the 
treatment of lice and scabies (7).  In spite of the ban on HCH production and use there 
remains a legacy of soil, groundwater and air (through volatilization) contamination.  All 
five isomers are considered toxic and recalcitrant worldwide pollutants (18).  According 
to the United States Environmental Protection Agency, technical grade HCH is a 
probable human carcinogen and the maximum contaminant level for lindane in drinking 
water is 0.2 µg/L (25).   
The structures of the HCH isomers most frequently detected in the environment 
are shown in Figure 1.1.  HCH isomers differ according to the arrangement of their 
chlorine atoms.  For example, in α-HCH, four chlorine atoms are at the axial orientation, 
the others are equatorial.  γ-HCH and δ-HCH have three axial chlorine atoms and one 
axial chlorine atom, respectively.  ε-HCH has two axial chlorine atoms.  All of the 
chlorine atoms in β-HCH are equatorial and none are axial (7). For substances such as 
HCH, which lack free carbon–carbon bond rotation, the removal of chlorine atoms is 
easier for axial chlorines than for equatorial chlorines, thereby making the β isomer the 
most persistent HCH isomer in the environment (2, 7) .  The rate of degradation of each 
HCH isomer differs due to the orientation of the chlorine atoms, which also affects their 
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solubility, volatility and sorption characteristics.  HCH isomers are generally more water 
soluble and volatile in comparison to other organochlorides (such as DDT) which in part 
explains why HCH isomers are now detected in soil, groundwater and the atmosphere 
worldwide (7).  
1.2 Anaerobic Biodegradation of HCH Isomers 
HCH isomers undergo anaerobic biodegradation via reductive dechlorination.  
Middeldorp et al. (14) found that chlorobenzene (CB) and benzene accumulated during 
the anaerobic transformation of β-HCH.  This is also true for the α-, γ-, and δ- isomers 
(18).  Based on these products and the transient appearance of tetrachlorocyclohexene 
and dichlorohexacyclohexadiene, the dechlorination pathway involves two initial 
dihaloelimination steps (an input of two electron equivalents and removal of two chlorine 
atoms plus formation of a double bond) followed by a third dihaloelimination step to 
form benzene or a dehydrohalogenation step (removal of two chlorine atoms plus 
formation of a double bond, without a change in oxidation state) to form CB (Figure 1.2).  
Accumulation of benzene and CB is a concern because of their toxicity and general 
resistance to further anaerobic biodegradation.  Neither of these daughter products are an 
acceptable remediation endpoint.  However, both compounds readily biodegrade 
aerobically (4), indicating that sequential anaerobic/aerobic conditions provide an 
opportunity for complete mineralization.   
The first observation, over two decades ago, of a microorganism that is able to 
conserve energy and grow due to the dechlorination of chlorinated compounds was with 
Desulfomonile tiedje (7). The process of a halogenated organic compound serving as a 
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terminal electron acceptor for respiration has been given a variety of names, including  
halorespiration, dehalorespiration, chlororespiration, dechlororespiration, and 
organohalide respiration.  Since the discovery of this process in D. tiedje, many other 
chlororespiring microorganisms have been identified. One example is Dehalobacter 
restrictus, which was the first known bacterium to couple its growth to reductive 
dechlorination of tetrachloroethene to cis-1,2-dichloroethene (7).  Several types of 
Dehalococcoides have since been isolated that respire chlorinated ethenes (10, 13, 23).  A 
strain closely related to Dehalobacter restrictus was found to grow via reductive 
hydrogenolysis of 1,1,1-trichloroethane to chloroethane (7).   
Chlororespiration has significant advantages for the practice of bioremediation.  
Microbes that grow via chlororespiration accomplish dechlorination reactions at much 
faster rates than via cometabolism (whereby the reaction is fortuitous and not growth-
linked).  During chlororespiration, utilization of the electron donor is stoichiometric, 
while during cometabolism the electron donor must be provided in considerable excess.  
Adding an excess of electron donor can lead to undesirable conditions, including 
excessive growth of microbes that can cause clogging of an aquifer.  Overall, the 
prospects for bioremediation are superior when the contaminant is utilized as a growth 
substrate, rather than via cometabolism.   
Several previous studies have documented anaerobic dechlorination of HCH 
isomers.  The earliest reported lindane-degrading anaerobe, Clostridium sphenoides, was 
initially thought to use lindane as a sole carbon and energy source (11); however, later 
studies showed that under anaerobic conditions lindane is used as an electron acceptor, 
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not as a carbon source.  While the study demonstrated dechlorination of lindane, no 
evidence was presented to show its use as a growth-related terminal electron acceptor.  
The first evidence for use of an HCH isomer as a terminal electron acceptor was provided 
by Doesburg et al. (7).  They developed a co-culture that consisted of strains of 
Dehalobacter and Sedimentibacter.  The culture was maintained through successive 
transfers with hydrogen as the electron donor and β-HCH as the only terminal electron 
acceptor, thus leading to the conclusion that β-HCH dechlorination to benzene and CB 
occurs via a respiratory process. However, further characterization of the culture, 
including kinetics, was not presented.  Furthermore, no direct evidence was presented to 
indicate that growth was linked to β-HCH dechlorination, e.g., by measuring an increase 
in cell numbers during β-HCH dechlorination and a lack of increase without β-HCH 
dechlorination.   
A variety of electron donors have been tested for reductive dechlorination of HCH 
isomers. Electron donors that stimulate anaerobic dechlorination of HCH include glucose, 
acetate and lactate (7).  Glucose was the preferred electron donor for lindane 
biodegradation with pure cultures of Clostridium butyricum (11).  With Clostridium 
rectum, H2 was the preferred electron donor, followed by pyruvate, alanine, leucine, 
glucose and proline (15).  Middeldorp et al. (14) described an enrichment culture that 
biodegrades β-HCH and prefers lactate, yeast extract, fermented landfill leachate, and 
methanol over H2 as the electron donor.  H2 was used as an electron donor and acetate as 
the carbon source in the biodegradation of β-HCH with the co-culture of Sedimentibacter 
and Dehalobacter species (7). 
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There are several methods to demonstrate the occurrence of chlororespiration.  
Perhaps the most definitive approach involves isolating the dechlorinating population in a 
pure culture and demonstrating that growth occurs (e.g., based on an increase in protein, 
cell numbers, or 16S rRNA gene copies) only when the halogenated organic compound 
undergoes dehalogenation.  However, isolation of organohalide respiring microbes can be 
a complex endeavor, in part due to the fastidious nutrient requirements for some of these 
types of microbes.  Another method for demonstrating that chlororespiration is occurring 
is to measure the fraction of electron donor used for dehalogenation (fe) (12).  Studies 
have found fe values for pure and mixed cultures of organohalide respiring reducing 
bacteria are between 0.6-0.7, while lower values (e.g. less than 0.1) indicated cometabolic 
dechlorination (12).  
1.3 Key Results from Elango 
Elango et al. (9) evaluated bioremediation of lindane-contaminated groundwater 
from an industrial site, based on a microcosm study with samples from the site.  Several 
microcosms exhibited active anaerobic dechlorination of γ-HCH.  To evaluate this 
process further, Elango (8) developed enrichment cultures using several of the 
microcosms as a source of inoculum.  Two types of enrichment media were used; one 
based on a bicarbonate buffer and the other based on a HEPES buffer.  For the 
enrichment grown in bicarbonate-buffered medium, Elango sought to gain insight into the 
type of microbe responsible for dechlorination of γ-HCH to benzene and CB.  To do so, 
he evaluated treatments with and without the addition of vancomycin, an inhibitor that is 
specific to gram positive, non-spore-forming bacteria.  Addition of vancomycin strongly 
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inhibited dechlorination of γ-HCH.  Hydrogen consumption was greatest in the 
treatments without γ-HCH present, indicating that another use for hydrogen was 
significant.  Acetate accumulated as hydrogen was consumed in all of the treatments 
without vancomycin.  Based on the amount of acetate formed, acetogenesis was the 
dominant process in this enrichment culture (which Elango identified as number III; the 
same nomenclature is used in this thesis).  Since hydrogen consumption was higher in the 
treatments that did not receive γ-HCH, this suggested that γ-HCH was at least partially 
inhibitory to acetogenesis.  Vancomycin significantly inhibited hydrogen consumption, in 
addition to inhibiting γ-HCH dechlorination; the treatments with vancomycin produced 
methane and consumed acetate, presumptively for methanogenesis.   
The effect of vancomycin on γ-HCH dechlorination in Elango’s study suggests 
that the microbe responsible is most likely non-spore forming and gram positive.  
Nevertheless, his results did not encompass the effect of vancomycin on the enrichment 
culture grown in the HEPES buffered medium (which Elango identified as number IV; 
the same nomenclature is used in this thesis).  The importance of the HEPES buffered 
medium is described below.  One of the major objectives of this thesis was to determine 
if the effect of vancomycin on the bicarbonate-buffered enrichment culture (III) also 
extended to the HEPES-buffered enrichment culture (IV).  Because of the importance of 
vancomycin to the research presented in this thesis, a summary of this inhibitor is 
provided in Section 1.4 below. 
As mentioned above, Elango et al. (8) first developed an enrichment culture in a 
bicarbonate-buffered medium that dechlorinates γ-HCH.  However, in addition to 
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dechlorinating γ-HCH, these cultures also consumed hydrogen for acetogenesis and 
sulfate reduction.  To prevent these non-targeted activities, Elango switched to a HEPES 
buffered medium (which Elango identified as MSM-3; the same nomenclature is used in 
this thesis), with no bicarbonate or sulfate present.  Under these conditions, 0.79-0.90 of 
the electron equivalents from hydrogen were used by enrichment culture IV for reductive 
dechlorination of the γ-HCH.  This result provided compelling indirect evidence that γ-
HCH was being used as a terminal electron acceptor via chlororespiration.  The range of 
fe values measured was slightly higher than ones reported for other chlororespiratory 
processes (i.e., 0.6-0.7).   Benzene and CB were the only volatile transformation products 
detected, accounting for 25% and 75% of the γ-HCH consumed, respectively (8).   
Although compelling, Elango’s results did not unequivocally establish that growth 
of enrichment culture IV was directly linked to anaerobic dechlorination of γ-HCH.  A 
more direct method of demonstrating chlororespiration of γ-HCH would be to show an 
increase in biomass when γ-HCH is being dechlorinated, with no increase occurring 
when γ-HCH is absent.  This was one of the objectives of the research described in this 
thesis.  The increase in biomass was monitored based on changes in the 16S rRNA gene 
for Bacteria.  Since the microbe responsible for γ-HCH in the enrichment cultures is not 
yet known, it was not possible to use a more specific type of primer, e.g., as has been 
done with other chlororespiring organisms, such as Dehalococcoides sp. strain BAV1 and 
Dehalococcoides ethenogenes strain 195 (10, 13).  Since the qPCR method was central to 
accomplishing one of the objectives of this research, an overview of how this technique 
works is provided in Section 1.5.   
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1.4 Vancomycin  
Vancomycin is a glycopeptide antibiotic which binds to D-alanine and thereby 
prevents eubacterial cell wall synthesis by interfering with the formation of the UDP-
MurNAc-pentapeptide precursors to murein (17).  Archaebacteria lack D-alanine, 
therefore, vancomycin specifically inhibit eubacteria.  The addition of vancomycin to a 
culture in which dechlorination is occurring has been shown to inhibit dechlorination 
when a gram-positive organism is responsible for the reduction.  Middledorp et al. (14) 
demonstrated that the dechlorination of β-HCH was inhibited by the addition of 
vancomycin under anaerobic conditions.  Bromoethanesulfonic acid was also used in 
their study and it inhibited methanogenic activity but not the dechlorination of β-HCH.  It 
was thus concluded that non-spore-forming eubacteria and not methanogens were 
responsible for the dechlorination of β-HCH.   
The addition of vancomycin can also inhibit acetogenesis, which suggest that the 
microbe responsible for dechlorination is similar to acetogens.  Acetogens are common in 
dechlorinating enrichment cultures and often compete with dechlorinating microbes for 
hydrogen.  Elango (8) showed that the addition of vancomycin to an enrichment culture 
(III) grown in a sulfate-free bicarbonate MSM significantly slowed the rate of γ-HCH 
dechlorination, thus deducing that a gram-positive eubacteria is responsible for the 
dechlorination of γ-HCH.  However, in the bicarbonate-buffered MSM, acetogenesis was 
the dominant process; a majority of the hydrogen consumed was for acetate formation in 
comparison to reductive dechlorination of γ-HCH.  Discerning the effect of vancomycin 
on dechlorination of γ-HCH was, therefore, compromised by the fact that acetogenesis 
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was the dominant electron consuming process in this enrichment culture.  Therefore, the 
effects of vancomycin in a γ-HCH dechlorinating HEPES-buffered media, in which 
acetate is not formed, still needs to be studied to determine if acetogens play a role in the 
dechlorination.   
1.5 Real-Time Quantitative Polymerase Chain Reaction 
Real-time quantitative PCR (qPCR) is a molecular technique, which is being used 
widely in many fields beyond environmental engineering, including medical diagnostics. 
qPCR assays are frequently used to detect and quantify bacteria based on the unique 
sequence of their 16S rRNA gene.  This method can give very accurate quantifiable 
information about a chosen target and has been found to be more accurate than other 
methods to quantify microbes, including cell counting and optical density (19).  16S 
rRNA gene-targeting molecular tools provide a valuable method for assessing 
dechlorination at contaminated sites (20).  
To detect and measure the amount of target DNA in the sample, a measureable 
signal needs to be produced, which is proportional to the amount of amplified product.  
Currently, all detection systems use fluorescent technology.  The most commonly used 
detection techniques are SYBR Green and TaqMan probe.  SYBR Green is a low-cost 
double-stranded DNA dye that fluoresces when bound to the DNA.  The amount of dye 
used in a sample is proportional to the amount of generated target.  Unfortunately, SYBR 
Green has the ability to bind to any amplified DNA; therefore, it is necessary to run a 
melt curve at the end of a qPCR run to check its specificity.  A valid primer pair should 
produce a unique, well defined peak on the melt curve.   
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The second most common detection technique employs the TaqMan probe.  
TaqMan probes, also known as double-dye probes, are the most widely used type of 
probes and are the best option for those just starting to use qPCR.  A fluorophore is 
attached to the 5’ end of the probe and a quencher to the 3’ end.  A fluorophore is a 
component of a molecule which causes the molecule to fluoresce. The fluorophore passes 
its energy, when excited by irradiation, to the quencher which is then detected at a 
specific wavelength which is higher than that from the fluorophore.  As the dual-labeled 
primer binds to the target sequence and gets degraded by the 5’ nuclease activity of the 
Taq polymerase, the quencher is moved away from the fluorophore. This results in an 
increase in fluorescence that is correlated with the specific amplification of the target 
sequence.  Well-designed primers and probes are extremely important for successful 
qPCR.  Design software should be used to allow for the primers and probes to meet 
design guidelines thus ensuring the most sensitive results.   
The reagents needed for the qPCR assay are commonly found in a ready-to-use 
mixture known as a MasterMix.  The MasterMix includes components such as Taq 
polymerase, dNTP/dUTP mix, and reaction buffer.  Commercial MasterMixes are often 
“2X,” meaning that half of the reaction volume is MasterMix and the other half is 
composed of primers, probe (if used) and DNA template.  A 2X MasterMix guarantees 
high reproducibility, easy use and a shorter preparation time.  The Taq polymerase allows 
for amplification of the DNA to occur once the primers are annealed.  The annealing step 
will not occur until an initial heating at about 95°C for several minutes.  The dNTP/dUTP 
mix helps to eliminate contamination in the assay.  MgCl2 is necessary for the Taq 
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activity and the concentration is optimized according to the amount of Taq and buffer 
composition.   
A thermal cycler is used, which exposes samples to cycles of repeated heating and 
cooling for DNA melting and enzymatic replication of the DNA. Short DNA fragments 
called primers, which contain sequences complementary to the target region, are used to 
selectively amplify the DNA. Taq polymerase is used as a heat stable enzyme; it uses 
single stranded DNA as a template and the primers to assemble new pieces of double 
stranded DNA. Before the thermal cycling process is started, an initialization step is 
performed, during which the reaction mixture is heated to about 95
o
C and then 
maintained for several minutes to activate the Taq polymerase. Then the thermocycling 
process is started. A single cycle stage typically consists of the following three 
temperature steps: 
• Denaturation: This step causes the melting of the double stranded DNA into 
single stranded DNA, which is accomplished by breaking hydrogen bonds 
between the complementary nucleotide bases.  
• Annealing step:  In this step the temperature is lowered to allow annealing of 
the primers to the single stranded DNA template. The Taq polymerase starts 
to bind to the primer-DNA template and produce new double-stranded DNA. 
• Extension step:  In this step the Taq polymerase synthesizes a new strand of 
DNA, which is complementary to the single-stranded DNA template by 
adding deoxyribonucleotide triphosphates. After each elongation step the 
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amount of target DNA is doubled. So after n cycles, the DNA synthesized will 
be 2
n
 times the initial amount of target DNA. 
During the PCR process an increase in the double stranded DNA produced causes 
an increase in fluorescence intensity, which is measured at each cycle in the thermal 
cycling process. The Ct is defined as the cycle in which there is significant increase in the 
quencher signal.   The lower the Ct value the larger the amount of target DNA present in 
the sample.    
The qPCR instrument used in this research was an ABI 7900HT, which is 
equipped with the software “Sequence Detection System 2.2.”  To measure the number of 
copies of DNA per volume of culture, the software makes a plot of ∆Rn (fluorescence of 
the reporter dye divided by the fluorescence of a passive reference dye minus the 
baseline) versus the qPCR run cycle number.  The software subdivides the plot into three 
phases: exponential, linear and plateau. The first phase is the exponential phase during 
which the PCR reaction is occurring at approximately 100% efficiency (doubling of 
product at the end of each cycle). Over time the reaction slows down and is known as the 
linear phase.  Ct is a cycle number corresponding to the intersection between the 
amplification curve and a threshold line.  It is basically the relative measure of the 
concentration of the target in the qPCR reaction.  
Standards are created using varying concentrations of gene copies for a specific 
bacterial 16S rRNA gene fragment.  A standard curve is generated for every set of qPCR 
reactions, by plotting the Ct value versus the natural logarithm of the concentration 
(copies/mL) of the plasmid DNA. The equation of the curve along with the corresponding 
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Ct value of the unknowns is then used to calculate the gene copy concentration in the 
unknowns. 
1.6 Research Objectives 
The overall objective of this thesis was to demonstrate that γ-HCH can be used as 
a terminal electron acceptor via reductive dechlorination and to evaluate the type of 
microbes involved in the process.  Gaining fundamental knowledge about the 
biodegradation process may improve the prospects for in situ anaerobic bioremediation.  
The specific objectives and approaches are:   
1) To determine the effect of vancomycin on γ-HCH dechlorination in an 
enrichment culture (identified as number IV) grown in a sulfate-free HEPES-
buffered medium, using hydrogen as the electron donor; and   
2) To measure the yield for an enrichment culture that dechlorinates γ-HCH 
while growing in a sulfate-free HEPES-buffered medium, using hydrogen as 
the electron donor.  The yield was measured by monitoring the increase in 16S 




2.0 MATERIALS AND METHODS 
2.1 Chemicals and Media 
The sources and purity of chemicals used were: γ-HCH (99%) from Sigma-
Aldrich; CB (99.5%) from TCI America; benzene (99%) from Fisher Scientific; 
anhydrous sodium acetate (99%) from EM Science; vancomycin (biotechnology grade) 
from Sigma-Aldrich; HEPES from VWR; hydrogen (99.99%) and methane (99%) from 
National Welders; SYBR green was obtained from Applied Biosystems (ABI). Primers 
were obtained from Integrated DNA Technologies.  The DDI water used for qPCR was 
obtained from the Millipore Water Purification System located at the Rich Laboratory 
where this research was performed.   All other chemicals used were reagent grade or 
equivalent in purity.  
Enrichment cultures (described below) were grown in an anaerobic mineral salts 
medium (MSM).  The composition and method of preparing the MSM are described by 
Elango (8) and listed in Appendix A.  Elango (8) used several types of MSM; the one 
used in his research as well as in this research is referred to as MSM-3.  In the interest of 
consistency, the same terminology will be used in this thesis.  MSM-3 is buffered to 
circumneutral pH with 10 mM HEPES; a mixture of vitamins and growth factors was 
also included.  As described by Elango (8),  bottles containing MSM-3 should be purged 
initially with high purity N2.  This ensures that there is no source of inorganic carbon in 
the medium, which could potentially be used for acetogenesis rather than dechlorination 
of HCH.  However, an error was made when preparing the bottles used for experiments 
in this thesis.  The purge gas consisted of 30% CO2 and 70% N2; as such, the CO2 
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provided a source of inorganic carbon.  The implications of this error are addressed in the 
Results and Discussion sections.   
2.2 Inoculum 
Three types of experiments were performed to 1) further enrich culture IV, which 
was obtained from Elango (8); 2) determine the effect of vancomycin on anaerobic 
dechlorination of γ-HCH by an enrichment culture that uses hydrogen as the electron 
donor; and 3) measure the yield of the same enrichment culture.  For all of these 
experiments, the source of inoculum was enrichment culture IV developed by Elango (8), 
grown in MSM-3.  Two variations of the enrichment culture were used:  IVa received 
hydrogen as the electron donor, with no amendments other than γ-HCH and MSM-3; IVb 
was the same except that it also received acetate, to serve as a potential carbon source 
(since MSM-3 was supposed to contain no carbon source other than the HEPES buffer).  
A schematic of how the inocula were used is shown in Figure 2.1.  The first row 
corresponds to the enrichment culture IV obtained from Elango (8).  Samples from his 
bottles were used as inoculum for the experiment to further enrich the culture, as shown 
in the second row.  Samples from the further enriched culture were then used as the 
source of inoculum for the vancomycin experiment, as indicated by row 3.  Lastly, 
samples from the further enrichment (row 2) and the vancomycin experiment (row 3) 
were used as inoculum for the yield experiment (row 4).    
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2.3 Experimental Design 
2.3.1 Further Enrichment 
Elango’s enrichment culture IV was further enriched prior to its use in the 
vancomycin and cell yield experiments (described below).  This was accomplished by 
making a transfer (1% v/v) to MSM-3.  Eight treatments were prepared, as shown in 
Table 2.1.  Treatments 1 (hydrogen + acetate + γ-HCH + inoculum (IVb)) and 2 
(hydrogen + γ-HCH + inoculum (IVa)) were prepared to monitor γ-HCH dechlorination 
while treatments 3 (hydrogen + acetate + inoculum (IVb)) and 4 (hydrogen + inoculum 
(IVa)) were used to monitor H2 consumption and acetate production without γ-HCH 
present.  The treatments without inoculum (#5-8) were used to monitor abiotic changes in 
hydrogen, acetate, and γ-HCH.   
All treatments were prepared in 160 mL glass serum bottles, each in triplicate.  
The amount of γ-HCH, hydrogen and sodium acetate added were the same as used by 
Elango (8), i.e. approximately 10 mg of γ-HCH per bottle, 5.0 mL of hydrogen per bottle 
(206 µmol/bottle), and 10 mg of sodium acetate per bottle (providing 7.2 mg of acetate).  
γ-HCH was added as a neat crystal; since the solubility of γ-HCH is approximately 7.0 
mg/L, the amount added was in considerable excess of the saturation concentration.  
Additional hydrogen (5.0 mL/bottle) was added when the hydrogen amount dropped 
below 100 µmol/bottle, as determined by GC measurements. 
γ-HCH and sodium acetate was added to the serum bottles, which were then 
transferred to an anaerobic chamber, containing an atmosphere of approximately 98% N2 
and 2% H2.  After adding 99 mL of MSM-3 to the bottles, the 1% inoculum (i.e., 
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Elango’s enrichment IV) was added to the appropriate treatments.  The bottles were 
sealed with Teflon-faced red rubber septa and aluminum crimp caps.  They were then 
removed from the anaerobic chamber and the headspace was purged with 30% CO2 and 
70% N2 (as indicated above, the purge gas was supposed to be N2, to avoid the presence 
of inorganic carbon).  The bottles were then resealed with Teflon-faced red rubber septa 
and aluminum crimp caps and hydrogen was then injected into the bottles as a neat gas.  
Bottles were incubated in the anaerobic chamber under quiescent conditions, in an 
inverted position, to minimize diffusion of oxygen through the septa. 
2.3.2  Vancomycin Experiment 
Four treatments were prepared in 160 mL glass serum bottles (Table 2.2), each in 
triplicate.  Two of the treatment received vancomycin, two did not.  Two of the 
treatments were inoculated (1% v/v) with enrichment culture IVa from the experiment 
described above; the other two with enrichment culture IVb (Figure 2.1).  Treatments 
with vancomycin but without γ-HCH were not included in this experiment.  These 
treatments were considered unnecessary since Elango (8) monitored the same treatments 
without vancomycin and observed no substantial changes in hydrogen, acetate, or 
methane; it, therefore, seemed highly unlikely that the same treatments with vancomycin 
would produce a different result.   
The amounts of γ-HCH, hydrogen, sodium acetate and vancomycin added were 
the same as used by Elango (8), i.e., 10 mg of γ-HCH per bottle, 5.0 mL of hydrogen per 
bottle (206 µmol/bottle), 10 mg of sodium acetate per bottle (providing 7.3 mg of 
acetate), and 10 mg of vancomycin per bottle.  γ-HCH was added as a neat crystal.  
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Additional hydrogen (5.0 mL/bottle) was added when the hydrogen amount dropped 
below 100 µmol/bottle, as determined by GC measurements. 
The same procedures described in Section 2.3.1 were used to prepare the serum 
bottles for the vancomycin experiment.  The only difference was the source of inoculum, 
which came from the further enrichment experiment (Figure 2.1).   
2.3.3 Cell Yield Experiment 
For the cell yield experiment, nine treatments were prepared in glass bottles, each 
in duplicate.  As shown in Table 2.3, six of the treatments received γ-HCH, three did not.  
Seven of the treatments received hydrogen, two did not.  Four of the treatments received 
acetate, five did not.  Six of the treatments received inoculum, three did not.  Overall, the 
intent of the design was to facilitate a comparison of the Bacterial 16S rRNA in 
treatments that dechlorinated γ-HCH and those that did not (either because they were 
inoculated but hydrogen was not added or because they were not inoculated).    
Four of the treatments were prepared in 2.3 L glass bottles with a side arm 
attached. These bottles were custom-fabricated by Glass Warehouse (Millville, NJ) by 
attaching a 5-7 cm long glass tube to the side of a glass bottle (Wheaton #99) 
approximately 5 cm from the cap (Figure 2.2).  The end of the added tube was threaded 
to allow a Mininert™ valve (13 mm, 425 thread size; VICI, Inc.) to be added.  The intent 
of using bottles with Mininert™ valves was to minimize diffusive losses of hydrogen; 
however, since only eight such bottles were available, it was only possible to use them 
for four of the treatments.  The other treatments were prepared in 2.3 L bottles sealed 
with 35 mm Teflon-faced silicone rubber septa and plastic caps containing 3-mm holes. 
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The reason for using larger bottles rather than serum bottles was to permit 
removal of liquid samples (20 mL per event) for quantification of Bacterial 16S rRNA 
gene copies (see below); this made it possible to track the change in gene copies over 
time without substantially altering the ratio of headspace volume to liquid volume (which 
alters the response factor for benzene, CB and hydrogen).   
All of the bottles were started with 2000 mL of liquid; treatments that were 
inoculated received 1980 mL of MSM-3 plus 20 mL of enrichment culture IVa or IVb 
(1% v/v).  MSM-3 was prepared in two 20 L glass carboys, which were kept anaerobic by 
purging the headspace with anaerobic gas (30% CO2 and 70% N2).  A three holed number 
12 rubber stopper (VWR) was kept slightly open on the carboy to permit the iron chloride 
and sodium sulfide to be added while purging.  A schematic of the method used to add 
medium to the experimental bottles is provided in Figure 2.3.  The experimental bottles 
were first placed into an anaerobic chamber (with an atmosphere of approximately 2% 
hydrogen and 98% nitrogen) to remove oxygen.  The γ-HCH and sodium acetate was 
added to the appropriate bottles while the bottles were in the anaerobic chamber.  The 
bottles were then capped and removed from the chamber.  On the bench top, the caps 
were removed (under an anaerobic gas purge; 30% CO2 and 70% N2) while MSM-3 was 
added from the carboys using a peristaltic pump (Cole-Parmer).  MSM-3 was removed 
from the carboys through one hole of the rubber stopper using silicone tubing.  The 
anaerobic gas mix continued to purge the headspace of the carboy while tubing in the 
third hole released the excess flow of gas into an exhaust hood.  While MSM-3 was being 
added to the individual bottles, the headspace of these bottles was also being purged with 
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the gas mixture (30% CO2 and 70% N2).  The bottles were then returned to an anaerobic 
chamber where inoculum (20 mL/bottle) was added to the appropriate treatments, by 
removing the caps and adding enrichment IVa or IVb, using a sterile 5 mL syringe.  Five 
serum bottles from previous transfers were available for use as inoculum (Figure 2.1); 
therefore 4 mL from each serum bottle was used to inoculate each 2.3 L bottle.  The caps 
were removed, inoculum was added, and the caps were replaced; this procedure was done 
quickly enough to minimize the amount of CO2 and N2 that escaped the bottle.  The 
bottles were removed from the anaerobic chamber.  Hydrogen was then added to the 
capped bottles, using a 100 mL syringe.  The amounts of γ-HCH and acetate added were 
scaled up from the serum bottles by a factor of 20, based on the ratio of the liquid 
volumes (i.e., 2000 mL to 100 mL).  Thus, the amounts added were 200 mg of γ-HCH 
and 200 mg of sodium acetate per bottle (providing 144 mg of acetate).  A lower amount 
of hydrogen was added (70 mL, equivalent to 2880 µmol, rather than 100 mL), to avoid 
over pressurizing the headspace.  When hydrogen dropped below 400 µmol/bottle, 
additional hydrogen (70 mL/bottle) was added. 
All of the bottles were incubated in the dark, outside the anaerobic chamber and 
on their side, so that the liquid was in contact with the septum; the intent of doing so was 
to minimize diffusive loss of hydrogen through the septa. 
2.4 GC Analysis of Benzene, CB, and Hydrogen 
The amounts of benzene and CB present in serum bottles and 2.3 L bottles were 
determined by injecting headspace samples (500 µL) onto a HP 5890 Series II Plus GC 
equipped with an RTX 5 column (30-m x 0.53-mm x 1.5-µm film; Restek Corp.) and 
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flame ionization detector (FID). The injector and detector temperatures were 250 and 
325°C, respectively. The oven temperature program began at 50°C for 4 min, increased at 
10°C/min to 80°C, and held for 2 min. Helium (5 mL/min) was used as the carrier gas 
and nitrogen (30 mL/min) was the makeup gas.  The elution times were 3.5 min for 
benzene and 8.0 min for CB.  A representative standard curve for the serum bottles and 
for the 2.3 L bottles is provided in Appendix B.  The total quantity of benzene and CB 
present in a bottle was converted to aqueous phase concentrations using the following 
equation:  
 Cl = M / (Vl + Hc·Vg) (2.1) 
where Cl = concentration in the aqueous phase (µM); M = total mass present 
(µmol/bottle); Vl = volume of the liquid in the bottle (L); Vg = volume of the headspace in 
the bottle (L); and Hc = Henry's constant ((mol.m-3 gas concentration)/(mol.m-3 aqueous 
concentration)) at 23°C (25).  Aqueous phase detection limits were 1.0 µg/L for benzene 
and 2.0 µg/L for CB. 
Hydrogen was analyzed by injecting headspace samples (100 µL) onto a HP 5890 
Series II GC equipped with a thermal conductivity detector (TCD) and Carbosieve SII 
100/120 column (1.0-m x 3.1-mm, Supelco). The injector, oven and detector 
temperatures were maintained at 200, 105 and 200°C, respectively. High purity nitrogen 
was used as the carrier gas (30 mL/min) and reference gas (30 mL/min). The elution time 
for hydrogen was 1.2 min.  A representative standard curve for the serum bottles and for 




2.5 Analysis of Organic Acids 
For the further enrichment and vancomycin experiments (which employed 160 
mL serum bottles), acetate was analyzed on a Waters 600E HPLC system composed of 
an autosampler (Waters 717 plus), pumping system (Waters 600), a UV/Vis detector 
(Model 490E) set at 210 nm, and an Aminex® HPX-87H ion exclusion column (300-
mmx7.8-mm; BioRad) with 0.01N H2SO4 as eluent, delivered at 0.6 mL per min. A 
representative standard curve for the Waters 600E HPLC system is provided in Appendix 
B, along with a control chart for the response factors.   
For the 2.3 L bottles used in the cell yield experiment, several organic acids, 
including acetate, formate, fumarate and propionate, were analyzed on a Dionex UltiMate 
3000 HPLC system composed of an autosampler (Dionex WPS-3000), pumping system 
(Dionex UltiMate 3000), a UV/Vis detector (UltiMate 3000 Photodiode Array Detector) 
set at 210 nm, and an Aminex® HPX-87H ion exclusion column (300-mm x 7.8-mm; 
BioRad) with 0.01N H2SO4 as eluent, delivered at 1.0 mL per min.  A representative 
standard curve for the Dionex 3000 HPLC is provided in Appendix B, along with a 
control chart for the response factors. 
2.6 DNA Extraction 
Genomic DNA was extracted from liquid samples by centrifuging 20 mL in a 50 
mL glass centrifuge tube with a conical bottom (VWR) at 4500xg and 4
o
C for one hour 
using a Sorvall Evolution RC centrifuge.  The supernatant was discarded and the pellet 
formed was immediately transferred into a bead tube (Mo Bio Laboratories, Inc.) and 
extracted using Mo Bio’s UltraClean Soil Microbial DNA isolation kit, according to the 
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manufacturer’s protocol.  A detailed protocol for the DNA extraction can be found in 
Appendix C.  Aseptic techniques were used during all stages of the extraction. The 
concentration of each DNA sample was estimated using a Thermo Scientific NanoDrop 
2000 Spectrometer.  A sample size of 2.5 µL of the extracted DNA was pipetted on the 
Spectrometer’s column and the DNA concentration and 260/280 ratio were measured 
using the Nucleic Acid function.  The DNA concentration is based on absorbance at 260 
nm and typically DNA concentrations measured ranged from 5-15 ng/µL.  The 260/280 is 
the ratio of absorbance at wavelengths of 260 nm and 280 nm.  The 260/280 value is used 
to assess the purity of the DNA and a ratio of ~1.8 is generally accepted as “pure” DNA 
thus indicated no presence of proteins or phenols.  After the DNA concentration and 
purity was measured the 50 µL of extracted DNA was stored in a -20
o
C freezer.  All the 
glassware, pipette tips, centrifuge tubes and DDI water used for DNA extraction and 
qPCR was autoclaved at 121
o
C for 20 min and placed under UV sterilization light for 15 
minutes. 
2.7 Quantitative Polymerase Chain Reaction 
For the cell yield experiment, qPCR was used to determine the concentration of 
Bacterial 16S rRNA genes in treatments with and without γ-HCH added (Table 2.3).   
qPCR reactions were performed in an ABI 7900HT machine. SYBR green from ABI was 
used to prepare the qPCR reaction mixtures. The 2X SYBR green master mix contains 
the necessary Taq polymerase enzyme, buffers, passive reference and 
deoxyribonucleotide triphosphates, and SYBR green dye.   
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qPCR amplification of the 16S rRNA gene was carried out using Bacterial 
primers Eub341F (5´-CCTACGGGAGGCAGCAG-3´) and Eub534R (5´-
ATTACCGCGGCTGCTGGC-3´) as described by Smits et al. (22).  Primers were 
obtained from Integrated DNA Technologies.  Primers used in this experiment can be 
found in Table 2.4.   
Each time qPCR was performed, a set of standards was included.  The standards 
consisted of the target species 16S rRNA gene in a plasmid.  To generate a calibration 
curve (log DNA concentration versus an arbitrarily set cycle threshold value [Ct]), a 
Dehalobacter16S rRNA gene in a plasmid was used; the plasmid was  provided by Dr. 
Frank Löffler (Univesity of Tennessee, Knoxville) along with information concerning its 
size (562 base pairs).  For Dehalobacter, it was necessary to extract the plasmid 
containing its 16S rRNA gene from the host cell (E. coli) using a QIAprep Spin Miniprep 
kit, according to the manufacturer’s protocol.  The extract was analyzed in a NanoDrop 
Spectrometer to determine its concentration in ng/µL.  Once the concentration of DNA 
was measured, the concentration of Dehalobacter in terms of gene copies/µL was 
calculated using the following formula: 











Based on this calculation, 10-fold serial dilutions of the DNA were used to 
generate standards.  Analysis of the standards provided a standard curve, which relates 
the threshold cycle number (Ct) generated by the instrument to the logarithm of the 
concentration of 16S rDNA gene copies in the serial dilutions.  A Dehalobacter primer 
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set (Dhb441F/Dhb645R) was also run for each qPCR to determine whether the standard 
curve gave a good estimation of the total 16S rRNA gene copy number.  A representative 
standard curve is provided in Appendix D, along with a control chart for the slopes and 
intercepts of the standard curves.   
It was convenient to express the gene copies in the standards in terms of total 
number per reaction volume.  The standard curve was used to determine the total number 
of Bacterial gene copies per reaction volume in an unknown sample to a concentration 
using the following equation: 
&'('	)*+,'-
./ =	
&'('	)*+,'-0,12 ∗ 	 45*612	7'1)6,*(	0*28.'5'.+216'	9:;	0*28.'<
=1.+2'	0*28.'  (2.3) 
Total qPCR reaction volumes (50 µL) consisted of 25 µL of SYBR green Master 
Mix, 4 µL each  of Eub341F and Eub534R at a concentration of  300 nM, 12 µL of DDI 
water and 5 µL of template DNA (22). The primers were diluted to the required 
concentration using sterilized DDI water and then the total quantity required for a set of 
qPCR reactions was mixed in a 1.5 mL amber centrifuge tube along with the SYBR green 
and DDI. The template DNA was first pipetted into the 96 well ABI plate and then the 
mixture of SYBR green, primers and DDI was pipetted into the reaction wells. A set of 
negative template controls (DDI water used instead of DNA) was included in every set of 
qPCR reactions, to determine the background fluorescence. This also helped to confirm 
that there was no contamination in the qPCR reagents. A set of negative media controls 
was also included in every set of qPCR reaction.  The media control used DNA from 
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fresh MSM-3 to determine potential background gene copies from the media.  A low 
light environment was maintained to prevent deterioration of the light sensitive SYBR 
green. After all the PCR reaction mixtures were pipetted into the 96 well plate the plate 
was sealed with an optical film cover from ABI and then vortexed for 5 seconds and then 
centrifuged for 1 min. The centrifuge used for the 96 well plates was made by fixing two 
of the 96 well adaptors in a salad spinner, which was spun by a hand cranked lever 
(http://bitesizebio.com/2010/03/12/how-to-build-a-plate-centrifuge-for-25/). Then the 96 
well plate was loaded into the ABI 7900HT machine.  All standards and unknowns were 
run in triplicate.  Aseptic techniques were used during all stages of qPCR. 
The thermocycling program for Bacteria 16S rRNA gene targeted qPCR consisted 
of an initial denaturation of 15 min at 94
o
C followed by 50 cycles of 30 s at 94
o
C, 20 s at 
58°C  and 30 sec at 72
o
C (22).  The ABI 7900HT system uses sequence detection 
software to set various parameters, including the thermo-cycling program and type of 
detector.  It also generates the Ct (threshold cycle) values for the standards and the 





3.1 γ-HCH Dechlorination in MSM-3 
Further enrichment of the γ-HCH degrading culture first developed by Elango (8) 
involved a transfer from sulfate-free HEPES-buffered anaerobic medium, without loss of 
γ-HCH dechlorination activity.  γ-HCH was dechlorinated to benzene and CB with 
hydrogen as the electron donor and γ-HCH as the presumptive terminal electron acceptor 
(Figure 3.1).  Hydrogen was used to convert γ-HCH to benzene and CB, the final 
products of HCH dihaloelimination and dehydrohalogenation, respectively.  Complete 
dechlorination of 10 mg of γ-HCH (34 µmol/bottle) took approximately 96 days, at an 
average rate of 1.04 mg/L/d.  The extent of dechlorination was inferred based on the 
cumulative amount of benzene and CB formed (27-31 µmol/bottle), since γ-HCH was not 
directly measured.  There was no significant difference in the cumulative amount of 
benzene and CB formed in the inoculated treatments with and without acetate added 
(Student’s t-test, α=0.05).  The bottles were monitored one more time point than is shown 
in Figure 3.1 (day 112); however, no further increase in benzene or CB occurred.  No 
significant accumulation of benzene or CB occurred in the two treatments that received γ-
HCH but were not inoculated (Figure 3.1a).      
Hydrogen consumption was highest in the inoculated treatments with γ-HCH 
present (Figure 3.1b; Table 3.1).  “Consumption” of hydrogen in the uninoculated 
controls was likely a consequence of diffusive losses through the septa.  Hydrogen 
consumption in the two inoculated treatments that received hydrogen or hydrogen + 
acetate, but no γ-HCH, was intermediate between the uninoculated controls and the 
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inoculated treatments that dechlorinated γ-HCH.  If γ-HCH was the only electron 
acceptor present, hydrogen consumption in these treatments should not have been any 
greater than in the uninoculated controls.  The presence of CO2 in the headspace may 
have provided the alternative electron acceptor, via acetogenesis or methanogenesis.  
However, an increase in acetate was not detected.  Unfortunately methane was not 
quantified in these two treatments (they were not evaluated on the GC with the FID since 
γ-HCH was not present, and the method used to quantify hydrogen on the TCD was too 
short to detect methane, which eluted at a later time); methanogenesis may explain their 
unexpectedly high level of hydrogen consumption.   
3.2 Vancomycin Experiment 
The vancomycin experiment was started with a 1% (v/v) transfer from the further 
enrichment culture (Figure 2.1) into fresh HEPES-buffered-MSM.  The effect of 
vancomycin on γ-HCH dechlorination by enrichment culture IV is shown in Figure 3.2.  
As demonstrated previously by Elango (8) with enrichment culture III (in bicarbonate-
buffered medium), addition of vancomycin (100 mg/L) completely inhibited 
dechlorination of γ-HCH, based on the lack of an increase in benzene or CB.  In contrast, 
the treatments that did not receive vancomycin converted γ-HCH to benzene + CB at a 
rate and extent similar to what is shown in Figure 3.1.  The total amounts of benzene + 
CB formed by the end of the experiment are shown in Table 3.2.  Benzene + CB 
accounted for an average of 82% (39% benzene + 61% CB) of the γ-HCH added (10 
mg/bottle, or 34 µmol/bottle).  The presence of acetate had no impact on benzene + CB 
accumulation in the treatments with or without vancomycin present.  The treatment with 
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γ-HCH and no vancomycin dechlorinated a total of 10 mg of γ-HCH at a rate of 0.8 
mg/L/d.  The modest declines in benzene + CB in the treatments without vancomycin 
near the end of the incubation period (Figure 3.2a) were probably related to diffusive 
losses.  This experiment confirmed that vancomycin inhibited γ-HCH dechlorination in 
enrichment IV culture and suggests that the microbe responsible is likely non-spore-
forming and gram positive. 
In addition to significantly inhibiting γ-HCH dechlorination, vancomycin also 
inhibited hydrogen consumption.  The treatments containing vancomycin consumed 
approximately 60% less H2 than the corresponding treatments without vancomycin 
(Figure 3.2 and Table 3.2).  No methane was formed in any of the treatments and there 
was no statistically significant increase in acetate over the 125 days of incubation (Table 
3.2; Student’s t-test, α=0.05).  Therefore, the majority of hydrogen consumption was 
assumed to occur for γ-HCH dechlorination.  It is unclear why any hydrogen was 
consumed in the treatments that did not dechlorinate γ-HCH; without acetogenesis or 
methanogenesis, the only other likely sink for the hydrogen was diffusive losses or 
formation of organic acids other than acetate, which were not quantified.   
Table 3.2 also shows the electron equivalents balance for the treatments in which 
significant levels of γ-HCH dechlorination occurred.  The balance represents the ratio of 
electron equivalents consumed for dechlorination, methanogenesis and acetogenesis, 
compared to the total amount of hydrogen consumed.  Balances ranged from 30 to 55%.  
This was lower than excepted; since methanogenesis and acetogenesis did not occur, the 
low eq balances may have been due to diffusive losses of hydrogen, thereby 
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overestimating the denominator.  Hydrogen consumption was adjusted for losses from 
corresponding treatments in which γ-HCH dechlorination did not occur; nevertheless, the 
balance was still lower than expected (0.79-0.90 based on the previous study by Elango 
(8) using the enrichment culture grown in HEPES-buffered medium).   
3.3 Measuring the Yield Associated with γ-HCH Dechlorination 
To measure the yield associated with γ-HCH dechlorination, the increase in 16S 
rRNA gene copies for total Bacteria was monitored over 117 days in MSM-3 enriched 
culture IV.  The cell yield experiment treatments were started with a 1% (v/v) inoculum 
from a combination of enrichment cultures IVa and IVb into fresh HEPES-buffered 
MSM (Figure 2.1).  Seven treatments were monitored for benzene and CB production 
(Figure 3.3a) as well as hydrogen consumption (Figure 3.3b).  Consistent with the further 
enrichment results (Section 3.1), the only treatments in which significant levels of 
benzene and CB accumulated were the two that were inoculated and provided with 
hydrogen.  The presence of acetate did not significantly change the ultimate amount of 
benzene and CB formed, as reported in Table 3.3 (Student’s t-test, α=0.05).   
Substantial levels of hydrogen consumption occurred in all of the live treatments 
(Figure 3.3b).  The average amount consumed by the two treatments that dechlorinated γ-
HCH (8,940 µmol/bottle) was higher than the average for the two treatments without γ-
HCH added (8,120 µmol/bottle).  Nevertheless, the amount of hydrogen consumption in 
the absence of γ-HCH was substantial.  The potential role of organic acid formation 
(especially formate and propionate) in hydrogen consumption will be discussed in 
Section 4.  Since methane did not accumulate in any of the treatments, methanogenesis is 
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not an explanation for the hydrogen consumption.  It should also be noted that hydrogen 
losses from the non-inoculated controls was unexpectedly high (1,910-4,624 
µmol/bottle), although not as high as in the inoculated treatments.   
Samples for qPCR were taken on days 0, 64, 98 and 117.  The time zero 
measurement was based on DNA extraction from the inoculum (enrichment cultures IVa 
and IVb; Figure 2.1).  The second and third samples were taken when approximately one 
half and three quarters of the expected total of benzene and CB had accumulated, 
respectively (based on the total µmoles of γ-HCH added to the bottles).  The final sample 
was taken when the moles of benzene and CB accumulated was approximately equal to 
the moles of γ-HCH that was added.   
The qPCR results are summarized in Figure 3.4.  In the two treatments that 
dechlorinated γ-HCH (i.e., H2+Ac+γ-HCH and H2+γ-HCH) there was a consistent overall 
trend towards increasing concentrations of Bacteria gene copies with increasing time 
(and, therefore, increasing amounts of hydrogen consumption and γ-HCH dechlorination, 
as shown in Figure 3.3), with acceptable levels of precision (e.g., the data range was 
≤20% of the mean on day 117).  In the two inoculated treatments that received hydrogen 
but no γ-HCH (i.e., H2+Ac and H2), there was also an increasing trend in Bacteria gene 
copies with increasing time (and, therefore, increasing amounts of H2 consumption, as 
shown in Figure 3.3b).  However, the anticipated difference between treatments with and 
without γ-HCH dechlorination did not emerge.  As indicated above, the day 0 
measurement for the treatments without inoculum was assumed to be 0 gene copies per 





gene copies per mL.  This value is significantly less than the three other 
measurements (i.e., days 64, 98 and 117) and, therefore, is too small to be seen clearly in 
Figure 3.4.   
The overall qPCR results were undermined by the unexpectedly high levels of 
Bacteria gene copies detected in the three non-inoculated control treatments, as well as 
the poor precision for the non-inoculated controls.  Also, there was no consistent trend 
over time in the non-inoculated controls.  Similarly erratic results were obtained for the 
two treatments that were inoculated and received γ-HCH but not H2 (i.e., Ac+γ-HCH and 
γ-HCH alone).  The reason for the erratic qPCR results in the control treatments is not 
known.   
In spite of inconsistencies in qPCR results for the control treatments, an attempt 
was made to correlate the increase in Bacteria gene copies with hydrogen consumption in 
the four inoculated treatments (i.e., H2+Ac+γ-HCH; H2+γ-HCH; H2+Ac; and H2), which 
exhibited more consistent trends over time and had considerably better precision (Figure 
3.4).  For three of the four treatments (i.e., H2+Ac+γ-HCH; H2+γ-HCH; and H2), there 
was a reasonably good correlation between Bacteria gene copies and hydrogen 
consumption, with a coefficient of determination of 49%.  The treatment that received 
hydrogen and acetate but no γ-HCH behaved as an outlier; data for this treatment are 





The HEPES-buffered enrichment cultures used over the course of this thesis 
research were maintained on H2 as the sole electron donor through several transfers (1% 
v/v) without the loss of γ-HCH dechlorination.  The original intent was to provide γ-HCH 
as the sole electron acceptor to the enrichment cultures, as first reported by Elango (8).  
Unfortunately, an error was made when preparing the HEPES-buffered MSM over the 
course of this research, i.e., the headspace of bottles was purged with a mixture of N2 and 
CO2 (rather than just N2), so that CO2 was also available as an electron acceptor.  In spite 
of this error, methanogenesis and acetogenesis did not appear to play a significant role in 
hydrogen consumption during the vancomycin or cell yield experiments.      
One of the objectives of this research was to determine the effect of vancomycin 
on γ-HCH dechlorination in the enrichment culture when it was grown in a sulfate-free 
HEPES-buffered MSM.  Elango (8) showed that the addition of vancomycin to a sulfate-
free bicarbonate-buffered MSM (enrichment culture III) slowed the rate of γ-HCH 
dechlorination.  The results of this thesis were similar; addition of vancomycin to the 
HEPES-buffered medium strongly inhibited γ-HCH dechlorination.  The main difference 
between the enrichment culture grown in the bicarbonate-buffered medium and the one 
grown in the HEPES-buffered medium is the level of acetogenesis; it was a predominant 
source of hydrogen consumption in the bicarbonate-buffered culture, yet it was not 
detected in the HEPES-buffered enrichment.  The vancomycin results from this thesis 
add to the evidence that the microbe responsible for γ-HCH dechlorination in the 
enrichment cultures used over the course of this research is most likely non-spore 
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forming and gram positive.  Additional studies are needed to identify which microbe is 
responsible.   
Another research objective was to measure the yield for an enrichment culture by 
monitoring the increase in 16S rRNA gene copies for Bacteria versus γ-HCH 
consumption.  The intent was to directly demonstrate that chlororespiration of γ-HCH 
resulted in an increase in biomass over time in treatments with γ-HCH, with no increase 
when γ-HCH is not present.  Had this occurred, a cell yield could have been determined.  
The first attempt to do so for this thesis was based on measuring increases in protein 
levels.  Several approaches to protein measurement were evaluated, including use of a 
lower sulfide MSM, since sulfide interfered with protein quantification.  The attempts to 
develop a protein measurement method are summarized in Appendix F.  However, due to 
the low yield of the enrichment culture and apparent interference caused by the presence 
of γ-HCH, protein measurements were not conclusive.  Problems associated with 
quantifying growth based on protein were also reported by Elango (8) in cultures that 
reductively dechlorinated γ-HCH in an iron sulfide-reduced, bicarbonate-buffered 
medium and in an enrichment culture that dechlorinates β-HCH (7).   
Due to the inconsistency with the protein method, a qPCR method was developed 
based on quantifying total Bacteria.  The use of qPCR to quantify growth of an 
enrichment culture faces several challenges.  Universal Bacteria 16S rRNA gene-targeted 
methods are very sensitive to contamination and the 16S rRNA genes present in 
commercial reagents may contribute to false-positive results.  Thus, it is important in 
qPCR that reagents be free of foreign DNA and that aseptic techniques be used in the 
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laboratory (20).  Also, the estimation of gene copies is subject to biases which can occur 
during biomass collection, DNA extraction and qPCR preparation (20).  The inability to 
get a good gene copy estimate may also occur due to the presence of humic substances or 
other organic compounds in the DNA sample, although that was not a major concern for 
the samples processed for this research.   
PCR quantification was accomplished through use of a standard curve.  This 
standard curve was based on a plasmid containing a 16S rRNA gene from Dehalobacter.   
The standard curve generated using a universal Bacteria primer was comparable to those 
using genus-specific Dehalobacter primers, as shown in Appendix D.  While gene copies 
per mL can be determined from the standard curve, 16S rRNA gene copy numbers cannot 
be directly correlated to cell number due to the number of 16S rRNA gene operons not 
being equal in all bacteria (22).  Therefore, it is not possible to extrapolate cell numbers 
from the enrichment culture used.   
Due to the considerable amount of growth in the treatments without γ-HCH 
(Figure 3.4), the cell yield resulting from γ-HCH dechlorination cannot be accurately 
determined.  Nevertheless, given the positive correlation in gene copies over time for the 
treatment with H2 + γ-HCH + inoculum, a yield was estimated for that treatment based on 
the final amount of benzene + CB that accumulated (and hence the calculated amount of 
chloride released) and the final concentration of gene copies.   The yield for the H2 + γ-
HCH + inoculum treatment was 4.03 x 10
8
 gene copies per µmol Cl
-
.  This is similar to 
the yields reported for dehalorespiration of chlorinated ethenes and 1,2-dichloroethane in 
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copies per µmol Cl
- 
(16). 
To determine a definite cell yield there needed to be a more clear distinction in 
gene copies per mL, and therefore biomass, between the samples with and without γ-
HCH dechlorination.  When the samples were processed, aseptic techniques were used; 
therefore, the reason for the inconsistent results in the non-inoculated controls and 
controls without hydrogen added is unknown.  The lack of consistently low gene copies 
in the controls undermined the attempt to quantify biomass growth in the treatments with 
γ-HCH dechlorination.  Furthermore, the presence of CO2 in the bottles provided an 
alternative electron acceptor that allowed for an excessive level of hydrogen consumption 
in the treatments without γ-HCH, such that these treatments consumed nearly as much 
hydrogen.   
The higher than expected levels of hydrogen consumption during the cell yield 
experiment were accompanied by significant levels of propionate accumulation and, in 
treatments with acetate added initially, significant levels of acetate consumption (Table 
3.3).  Based on the amount of hydrogen consumed, the amount of dechlorination that 
occurred, the amount of acetate added, and the amount of organic acids present at the end 
of the incubation period, an electron equivalents balance was calculated for each bottle 
monitored during the yield experiment that received hydrogen.  Results are shown in 
Table 4.1.  Recoveries varied widely from one bottle to another and from one treatment 
to another.  The significant losses of hydrogen from the non-inoculated controls indicate 
38 
 
that diffusive losses of hydrogen were a significant factor contributing to percent 
recoveries consistently below 100.   
It is unclear why significant levels of propionate formed during the yield 
experiment.  While formation of formate and fumarate is well documented from acetate, 
CO2 and H2 (1), it was not clear how propionate as well as acetate formed in several of 
the treatments.  While methanogenesis is inhibited by high concentrations of γ-HCH, it 
appears that propionate formation is not inhibited by a saturating concentration of γ-HCH 





atm), propionate may be fermented to acetate, CO2 and H2 (1); in this case, however, the 








 + 3H2  CH3CH2COO
-
 + 3H2O (4.1) 





 + 7H2  CH3CH2COO
-
 + 7H2O (4.2) 
A high H2 partial pressure was maintained in the bottles so that it was always 
available in excess for dechlorination of γ-HCH. Several studies have demonstrated the 
formation of propionate from acetate, CO2 and H2 under high H2 partial pressures (1, 21).  
It was found that only a small increase in the partial pressure of hydrogen above a normal 
level found in an anaerobic environment inhibits the metabolism of fatty acid-oxidizing 
acetogenic bacteria (1).  This suppression of acetogenic activity causes the fermentative 
bacteria to produce other fermentation products such as propionate (1).  Propionate 
formation has also been observed during degradation of butyrate (21).  The source of 
39 
 
propionate was unknown but it was believed to be the result of a back-reaction in which 
acetate and hydrogen condensed into propionate under high H2 conditions (21).   
Formation of propionate from acetate, CO2 and H2 is thermodynamically favored 
by a high concentration of hydrogen.  Table 4.2 shows the concentrations used to convert 
the standard Gibbs free energy change at pH 7 (∆G
o
’) for equations 4.1 and 4.2 to Gibbs 
free energy change under actual conditions (∆G), using the Nernst equation.  For 
hydrogen it was assumed that the highest amount of H2 added at one time was 70 mL to 
300 mL of headspace; therefore, the H2 concentration calculated for all treatments was 
0.19 atm (i.e., 70 mL/(300 mL+70 mL)).  For bicarbonate it is assumed that all the CO2 
added to the headspace (30%) dissolved in the aqueous phase as bicarbonate at a pH of 7.  
Approximately 0.3 L of headspace was available in the 2 L bottle and the purge gas 
contained 30% CO2, so the headspace contained approximately 0.09 L of CO2.  
Converting this to moles and dividing by the volume of the liquid yields a bicarbonate 
concentration of 0.0018 M for all treatments.  For acetate and propionate, the final 
concentrations measured on day 117 were used.   
The standard Gibbs free energy change (all reactants and products at 1 M or 1 
atm) modified to pH 7 (∆G
o
’) for equations 4.1 and 4.2 was calculated using the 
following free energies of formation at 25°C: 0 kJ/mol for H2, -39.83 kJ/mol for H
+ 
(pH 
7), -586.85 kJ/mol for HCO3
-
, -369.41 kJ/mol for acetate, -361.08 kJ/mol for propionate 
and -237.17 kJ/mol H2O (24).  As shown in Table 4.3, both reactions for propionate 
formation are thermodynamically favorable at standard conditions modified to pH 7.  To 





modified to actual conditions using the Nernst equation, with the following equilibrium 
expressions (K) for equations 4.1 and 4.2, respectively: 
 > = [+@*+,*(16']/([1)'616'] ∗ [DEFG] ∗ [D ]) (4.3) 
 > = [+@*+,*(16']/([DEFG] ∗ [D ]I) (4.4) 
Although the actual free energies of formation decreased in comparison to ∆G
o
’, 
all were still thermodynamically favorable (∆G= -30 to -137 kJ mol
-1
 propionate). 
The Gibbs free energy values in Table 4.3 are slightly higher than those found by 
Conrad and Klose (5) in which the reductive formation of propionate was 
thermodynamically feasible from both acetate plus H2 (∆G = -15 to -38 kJ mol
-1
 
propionate) and from CO2 and H2 (∆G= -34 to 85 kJ mol
-1
 propionate).  Approximately 
42-61% of the propionate carbon was derived from CO2 in the form of bicarbonate (5).  
In their experiment the H2 typically accumulated to partial pressures ranging from 50-80 
Pa, well below the approximate 19.25 kPa in this experiment.   
The accumulation of acetate in several of the treatments may have also been a 
result of the high H2 concentration. Breznek and Switzer (3) reported acetate synthesis 
from only CO2 and H2.  They also found that formate, as well as small amounts of 
propionate, butyrate and lactate were produced from CO2 and H2 (3). Acetate 
accumulation also occurred in the experiment by Conrad and Klose in which 32-39% of 
the acetate formed was derived from CO2 (5). 
Due to the significant consumption of hydrogen for formation of organic acids 
and the inability to identify a clear distinction in total growth in the treatments with and 
without γ-HCH, the cell yield attributable to chlororespiration could not be determined.  
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Measuring total growth using a universal primer is subject to contamination by even trace 
levels of foreign DNA.  In the case of this experiment a better calculation of cell yield 
would be possible if a more specific primer set was used in the qPCR measurements.  To 
do this further research needs to be done to determine which microbe is responsible for 
dechlorination of γ-HCH.  While it was determined from the vancomycin experiment that 
it is likely a non-spore forming, gram positive microbe, more knowledge of the specific 
microbe is needed to design a specific gene probe.  The cell yield experiment should also 
be repeated using a pure N2 atmosphere to prevent formation of organic acids which 
permitted high levels of H2 consumption and corresponding growth of microbes not 
directly involved in γ-HCH dechlorination.   
The information gained from this study creates an opportunity to improve 
anaerobic bioremediation of γ-HCH by natural attenuation and engineered approaches.  
By better understanding the process by which γ-HCH chlororespiration occurs, 
improvements can be made in development of in situ treatment of contaminated 
groundwater, thus drawing a parallel from what has happened with chlorinated ethenes 
and bioremediation.  Nevertheless, the main products of γ-HCH dechlorination, benzene 
and CB, are not environmentally acceptable endpoints.  For complete anaerobic 
bioremediation of γ-HCH to become feasible, improvements are also needed in anaerobic 




5.0 CONCLUSIONS AND RECOMMENDATIONS 
The specific conclusions from this thesis are: 
1.  In a sulfate-free HEPES-buffered anaerobic medium γ-HCH was completely 
dechlorinated to benzene and CB with hydrogen serving as the electron donor.   
2. The addition of vancomycin to the culture significantly slowed the rate of γ-HCH 
dechlorination thus suggesting that the microorganism(s) responsible for reducing 
γ-HCH is non-spore forming and gram positive. 
3. While a cell yield could not be determined using a universal Bacteria primer due 
to the inability to define a clear distinction in total growth among the treatments, 
the research showed that there is a positive correlation between gene copies and 
hydrogen consumed.     
 
The following recommendations are offered for future studies: 
1. Different septa should be used to reduce diffusive losses of hydrogen, without 
permitting significant diffusive losses of benzene and CB.  
2. The cell yield experiment should be repeated without CO2 added to the headspace 
and, if possible, using a more specific primer in mitigate sample contamination 








Table 2.1 Experimental design for further enrichment of culture IV. 













1 H2+Ac+γ-HCH 10 5.0 10 Enrichment IVb  
2 H2+γ-HCH 10 5.0 0 Enrichment IVa 
3 H2+Ac 0 5.0 10 Enrichment IVb  
4 H2 0 5.0 0 Enrichment IVa 
5 H2+Ac+γ-HCH no I 10 5.0 10 none 
6 H2+γ-HCH no I 10 5.0 0 none 
7 H2+Ac no I 0 5.0 10 none 
8 H2 no I 0 5.0 0 none 
 
a
 H=hydrogen; A = acetate; I= inoculum.   
b
 Target amount; actual amount added ranged from 9.7-10.4 mg/bottle.   
c
 Target amount; actual amount added ranged from 9.5-10.3 mg/bottle.   
d
 See Figure 2.1.  
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Table 2.2 Experimental design for the vancomycin experiment. 
















1 H2+Ac+γ-HCH 10 5.0 10 0 Enrichment IVb  
2 H2+γ-HCH 10 5.0 0 0 Enrichment IVa 
3 H2+Ac+γ-HCH+Vcm 10 5.0 10 10 Enrichment IVb  
4 H2+γ-HCH+Vcm 10 5.0 0 10 Enrichment IVa 
a
 Ac = acetate; Vcm = vancomycin.  
 
b
 Target amount; actual amount added ranged from 10.5-11.4 mg/bottle.   
c
 Target amount; actual amount added ranged from 11.3-11.7 mg/bottle.   
d
 See Figure 2.1.  
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1 H2+Ac+γ-HCH 2.3 200 70 200 Enrichment IVb  
2 H2+γ-HCH 2.3 200 70 0 Enrichment IVa 
3 H2+Ac 2.3 0 70 200 Enrichment IVb  
4 H2 2.3 0 70 0 Enrichment IVa 
5 Ac+γ-HCH 2.3 200 0 200 Enrichment IVb  
6 γ-HCH 2.3 200 0 0 Enrichment IVa 
7 H2+Ac+γ-HCH no I 2.3 200 70 200 none 
8 H2+γ-HCH no I 2.3 200 70 0 none 
9 H2 no I 2.3 0 70 0 none 
a
  Ac = acetate; I = inoculum.  
 
b
 Target amount; actual amount added ranged from 180.4-197.7 mg/bottle.   
c
 Target amount; actual amount added ranged from 198.6-203.1 mg/bottle.   
d
 See Figure 2.1.  
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Table 2.4 qPCR primers used. 
Name Primer sequence (5´-3´) Specificity Reference 
Eub 341F CCTACGGGAGGCAGCAG Bacteria (22) 
Eub 534R ATTACCGCGGCTGCTGGC Bacteria (22) 
Dhb 441F GTTAGGGAAGAACGGCATCTG Dehalobacter spp. (22) 



























H2+Ac+γ-HCH 150±15 13±1.3 18±4.2 0 0 55% 
H2+Ac 115±35 NM
c
 NM NM 0 -
e
 
H2+Ac+γ-HCH+no I 13±12 0.12±0.02 0.61±0.02 0 NM - 
H2+Ac+no I 0 NM NM NM NM - 
H2+γ-HCH 146±2 9.0±0.9 18±1.5 0 0 45% 
H2 55±22 NM NM NM 0 - 
H2+γ-HCH+no I 5±2 0.29±0.36 0.41±0.07 0 NM - 
H2+no I 26±16 NM NM NM NM - 
 
a
 Average of triplicate bottles ± standard deviation; corresponds to the final data points in Figure 3.1. 
b
 Ac = acetate; I = inoculum. 
c 
NM = Not measured. 
d 
eq balance = [(benzene*6 + CB*4 + CH4*8 + acetate formed*8) / (net H2*2)]*100; not calculated for treatments in which 
dechlorination did not occur. 
e
































row 2 H2+Ac+γ-HCH 150±15 13±1.3 18±4.2 0 0 55 
row 3 H2+Ac+γ-HCH 216±49 10±4.3 15±2.4 0 0 49 
row 3 H2+Ac+γ-HCH+Vcm 94±19 0.03±0.01 0.12±0.02 0 0 - 
row 2 H2+γ-HCH 146±2 9±0.87 18±1.5 0 0 49 
row 3 H2+γ-HCH 412±143 12±2.5 19±6 0 0 30 
row 3 H2+γ-HCH+Vcm 169±12 0.38±0.21 1.09±0.53 0 4±6 - 
a
 Average of triplicate bottles ± standard deviation; corresponds to the final data points in Figure 3.2. 
b
 As described in Figure 2.1. 
c
 Ac = acetate; Vcm = vancomycin. 
d 
A positive number indicates acetate accumulation, a negative number indicates net consumption. 
e
 eq balance = [(benzene*6 + CB*4 + CH4*8 + acetate formed*8) / (net H2*2)]*100; not calculated for treatments with only 




































H2+Ac+γ-HCH 6,909±1,056 293±15 362±6 0 1,133±228 -815±530 0 204±288 
H2+Ac 7,661±1,844 NM NM 0 0 -1,833±35 0 55±77 
H2+Ac+γ-HCH no I 1,910±402 5.3±6.8 6.2±6.6 0 0 -1,655±385 0 476±496 
Ac+γ-HCH 0 0.3±0.02 2.2±0.08 0 trace
e 
-2,071±300 trace 504±712 
H2+γ-HCH 10,977±1,951 277±70 348±49 0 0 31±44 0 170±240 
H2 8,581±674 NM NM 0 0 93±142 0 302±202 
H2+γ-HCH no I 4,502±163 0.3±0.01 0.2±0.04 0 0 0 0 279±391 
H2 no I 4,624±18 NM NM 0 trace -164±139 trace 0 
γ-HCH 0 0 0 0 0 -204±135 0 90±35 
a
 Average of duplicate bottles ± data ranges; corresponds to the final data points in Figure 3.3. 
b
 Ac = acetate; I = inoculum 
c
 btl = bottle. 
d
 A positive number indicates acetate accumulation, a negative number indicates net consumption. 
e
 Trace means less than 0.55 µmol/bottle was detected.   
f






























H2+Ac+γ-HCH 1 3,367 18,725 3,278 15,691 20,587 70% 
 
2 3,888 22,732 3,182 19,200 23,663 70% 
H2+γ-HCH 1 1,822 9,483 2,638 26,535 0 53% 
 
2 1,842 0 3,511 21,036 0 25% 
H2+Ac 1 3,410 7,981 0 16,122 22,852 29% 
 
2 3,234 10,466 0 21,164 23,404 31% 
H2 1 406 1,559 0 16,615 0 12% 
 
2 275 0 0 18,390 0 2% 
H2+Ac+γ-HCH no I 1 1,438 19,011 105 5,826 18,512 84% 
 
2 484 8,452 9.4 3,735 22,111 35% 
H2+γ-HCH no I 1 1,184 44 2.8 9,956 0 12% 
 
2 3,047 7,776 3.0 12,282 0 88% 
H2 no I 1 90 6.0 0 9,313 530 1% 
 
2 634 18 0 9,908 2,111 5% 
a
 Ac = acetate; I = inoculum. 
b
 H2 remaining after 117 days of incubation; btl = bottle. 
c
 µeeq = µmol formate*2 + µmol fumarate*12 + µmol propionate*14. 
d
 µeeq = µmol hydrogen*2. 
e 
% Recovery = (H2 remaining + organic acids remaining + γ-HCH dechlorination)/(H2 added + acetate added) * 100. 
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Table 4.29Concentrations used for Gibbs free energy calculations for the yield experiment. 
Treatment
a
















1 0.19 0.0018 1.38E-03 4.08E-04 
2 0.19 0.0018 2.52E-03 0 
H2+γ-HCH 
1 0.19 0.0018 6.30E-05 3.40E-04 
2 0.19 0.0018 0 0 
H2+Ac 
1 0.19 0.0018 9.98E-04 NA 
2 0.19 0.0018 1.12E-03 1.09E-04 
H2 
1 0.19 0.0018 1.95E-04 4.45E-04 
2 0.19 0.0018 0 1.59E-04 
H2+Ac+γ-HCH+no I 
1 0.19 0.0018 9.32E-04 8.26E-04 
2 0.19 0.0018 8.73E-04 1.25E-04 
H2+γ-HCH+no I 
1 0.19 0.0018 1.07E-06 2.55E-06 
2 0.19 0.0018 3.60E-07 5.55E-04 
H2+no I 
1 0.19 0.0018 7.10E-07 0 
2 0.19 0.0018 1.60E-06 0 
Ac+γ-HCH 
1 0 0.0018 5.40E-05 
2 0 0.0018 2.84E-04 1.01E-03 
γ-HCH 
1 0 0.0018 1.80E-07 1.14E-04 
2 0 0.0018 5.30E-07 6.50E-05 
a
 Ac = acetate; I = inoculum 
b
 Calculated assuming a maximum of 70 mL of H2 added to 0.3 L of headspace at one time. 
c
 Calculated assuming a headspace of 0.3 L in a 2.0 L bottle, 30% CO2 in the purge gas, and all of the CO2 dissolving as 
bicarbonate.   
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Table 4.310Gibbs free energy calculations for the yield experiment. 
Treatment
a
 Bottle # 





















 NPF NPF NPF NPF NPF 
H2+γ-HCH 1 -76.5 442,769 -44.3 -181.1 6.72E+09 -125 
 
2 NPF NPF NPF NPF NPF NPF 
H2+Ac 1 NPF NPF NPF NPF NPF NPF 
 
2 -76.5 7,999 -54.3 -181.1 2.15E+09 -128 




NAF -181.1 3.14E+09 -127 
H2+Ac+γ-HCH no I 1 -76.5 72,711 -48.8 -181.1 1.63E+10 -123 
 
2 -76.5 11,747 -53.3 -181.1 2.47E+09 -128 
H2+γ-HCH no I 1 -76.5 195,522 -46.3 -181.1 5.04E+07 -137 
 
2 -76.5 126,482,089 -30.3 -181.1 1.10E+10 -124 
H2 no I 1 NPF NPF NPF NPF NPF NPF 
 
2 NPF NPF NPF NPF NPF NPF 
a
 Ac = acetate; I = inoculum. 
b




NPF = no propionate formed. 
e 









Figure 1.1 Structure of several HCH isomers.  Axial (a) and equatorial (e) position of the 
chlorine atoms are identified for each isomer.  Adapted from Willet et al. (26). 
  









Figure 1.2 Proposed pathway for anaerobic biodegradation of β-HCH; adapted from 
Middeldorp et al. (14).  TeCCH = 3,4,5,6-tetrachlorocyclohexane; DCCH = 










Figure 2.13Schematic for the sequence of inocula used in this research. Ac = acetate; 
Vcm = vancomycin.  The row numbers represent the enrichment culture 1) received from 
Elango (8); 2) used to further enrich the culture; 3) used to prepare the vancomycin 








Figure 2.24Modified glass bottle (2.3 L) with Mininert™ valve used for the yield 






Figure 2.35Schematic of apparatus used to fill 2.3 L bottles from a 20 L glass carboy for 































H2+Ac+γ-HCH+no I H2+γ-HCH+no I






















Figure 3.16Performance of the γ-HCH dechlorinating enrichment culture with respect to a) 
accumulation of benzene + CB and b) hydrogen consumption.  Each data point is the 






















































Figure 3.27 The effect of vancomycin on dechlorination of γ-HCH with respect to a) 
accumulation of benzene + CB and b) hydrogen consumption.  Each data point is the 























































Figure 3.38Performance of the γ-HCH dechlorinating enrichment culture during the yield 
experiment with respect to a) accumulation of benzene + CB and b) hydrogen 







































Figure 3.49Average Bacteria gene copy results for the yield experiment. Ac = acetate, I = inoculum. Error bars are 





Figure 3.510qPCR results for treatments with H2 and inoculum in cell yield experiment. Treatment H2 + Acetate is shown as 
triangles and was not used in the regression calculation. 
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Appendix A. Preparation of Medium MSM-3 (for Enrichment Culture IV) 
Solutions needed for 1000 mL media: 
Phosphate buffer: 
 0.525 g K2HPO4 
Mineral salts: 
 0.535 g NH4Cl 
 0.046976 g CaCl2·2H2O 
 0.017787 g FeCl2·H2O 
Magnesium Chloride 
 0.102 g MgCl·6H20 
Trace metals solution: 
In 100 mL volumetric flask, add following items.  Fill to 100 mL with DDI water. 
 0.1 g MnCl2·4H2O 
 0.03 mg H3BO3 
 0.0211 g ZnSO4·7H2O 
 0.01 g CuCl2·2H2O 
 0.15 g CoCl2·6H2O 
 0.075 g NiCl2·6H2O 
 0.002 g Na2SeO3 
0.01 g Al2(SO4)3·16H2O 
1 mL concentrated HCl 
Vitamin Solution 
In a 100 mL volumetric flask, add the following items. Fill to 100 mL with DDI water.  
2.0 mg biotin 
2.0 mg folic acid 
10.0 mg pyridoxine hydrochloride 
5.0 mg riboflavin 
5.0 mg thiamine 
5.0 mg nicotinic acid 
5.0 mg pantothenic acid 
5.0 mg p-aminobenzoic acid 
5.0 mg cyanocobalamin (Vitamin B12) 
5.0 mg thioctic acid 
100.0 mg mercaptoethanesulfonic acid (coenzyme M) 





Redox Solution:  
 In a 10 mL volumetric flask add 0.01 g resazurin.  Then fill to 10 mL with DDI 
 water. 
Added after cooling: 
 0.24 g Na2S·9H20; sprayed and dried before using 
 0.1448 g FeCl2·H2O 
 
Media Preparation: 
1. In 1000 mL volumetric flask add 0.525 g K2HPO4, 0.535 g NH4Cl, 0.046976 
CaCl2·2H2O, 0.017787 g FeCl2·H2O, 0.102 g MgCl2·6H20. Fill up the flask to 
900 mL with DDI water.  
2. To flask add 2 mL trace metal solution and 1 mL redox solution.   
3. Autoclave (slow release) media to drive off O2.  Cool to approximately 35°C. 
4. While media is cooling, add 2.368 g HEPES to make a final concentration of 10 
mM. 
5. Add 10 mL of filtered sterilized vitamin stock solution. Dilute to 1.0 L with 
autoclaved DDI water.  
6. In glove box, add 0.24 g Na2S·9H20 and 0.1448 g FeCl2·H2O to media. Media 




Appendix B. GC and HPLC Standards and Response Factors 
Table B.111Gibbs free energy calculations for the yield experiment. 
Compound GC RT (min)
 a





Hydrogen 1.2 TCD 5.40E-04 9.92E-01 
Methane 0.6 FID 3.18E-06 9.98E-01 
Benzene  3.5 FID 5.96E-06 9.99E-01 
Chlorobenzene 8.0 FID 1.20E-05 9.99E-01 
a
 RT = retention time; 
b
 RF = response factor; PAU = Peak Area Unit. 
 
Table B.212Response factors for vancomycin experiment. 
Compound GC RT (min)
 a





Hydrogen 1.2 TCD 5.74E-04 9.91E-01 
Methane 0.6 FID 3.18E-06 9.98E-01 
Benzene  3.5 FID 5.08E-06 9.94E-01 
Chlorobenzene 8.0 FID 8.72E-06 9.97E-01 
a
 RT = retention time; 
b
 RF = response factor; PAU = Peak Area Unit. 
 
Table B.313Response factors for cell yield experiment. 
Compound GC RT (min)
 a





Hydrogen 1.2 TCD 2.06E-04 1.00E+00 
Methane 0.6 FID 3.18E-06 9.98E-01 
Benzene 3.5 FID 1.03E-04 9.99E-01 
Chlorobenzene 8 FID 1.60E+04 1.00E+00 
a
 RT = retention time; 
b
































































































































Figure B.313Representative GC TCD response curve for hydrogen for serum bottles. 
 




























































Figure B.515Representative GC TCD response curve for hydrogen for 2.3 L bottles.
 




































































Appendix C. DNA Extraction and qPCR Protocol 
C1. DNA Extraction 
1. Extract 20 ml of sample. 
2. Centrifuge the sample in a sterilized 50 ml centrifuge tube for 1 hour at 4500xg 
and 4°C. 
3. A pellet should form at the bottom. Pour out the supernatant. 
4. Add 190 µl of sterilized DDI water supernatant from the bead tube and 60 µl of 
solution S1 (Mo Bio UltraClean Soil DNA Isolation Kit).  Vortex the tube for 5 
seconds. 
5. Transfer the contents into the bead tube using a pipette.  
6. The unknown sample template DNA should be extracted using the Mo Bio 
UltraClean Soil DNA Isolation Kit according to manufacturer’s protocol. 
7. Determine the DNA concentration (ng/µL) and sample purity (260/280 ratio) 
using a Thermo Scientific NanoDrop 2000 Spectrometer.   
8. The final volume of sample DNA obtained will be about 50 µl and should be 
stored in the -20°C freezer. 
C2. Extraction and analysis of plasmid DNA for standards  
1. Prepare 50 mL of LB (Luria-Bertani) media with agar (15 g Agar/L Lb Media) 
and then autoclave the media. While the media is still hot, pour it into three 
culture plates and set them to cool in the sterile hood.  




3. After the plates have set, place them in the incubator in upside down position 
overnight.  
4. If the plates are free of growth, plate one loop of the plasmid DNA on E-coli on 
each of the plates. Then place the plates in upside down position in incubator 
overnight. 
5. Prepare 15 mL of LB media in a conical flask with a sponge seal and magnetic 
stirrer. Then autoclave the media and then cool to room temperature. 
6. Inoculate the media with one loop of the plasmid DNA on E. coli and then place 
in the incubator for about 12-16 hr.    
7. After the plasmid on E. coli has been inoculated and then incubated overnight. 
Take 15 mL of the media and centrifuge at 5400 x g for 10 minutes at 4
o
C. 
8. Decant to remove all traces of supernatant in the centrifuge tube. 
9. The plasmid DNA should be extracted using the QIA miniprep kit according 
manufacturer’s protocol and then stored in a -20
o
C freezer. 
10. Determine the DNA concentration (ng/µL) and sample purity (260/280 ratio) 
using a Thermo Scientific NanoDrop 2000 Spectrometer.   
C3. Preparation of Standards 
1. Calculate the number of gene copies/µL using the equation: 
&'('	)*+,'-
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2. Calculate the mass (grams) of DNA using the equation 
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. = ((1.096L10GPQ) 
Where: 
m = mass of DNA (g) 
n = size of entire DNA (bp) 
3. Calculate the mass of plasmid (µg) containing the copy numbers of interest, that is 
30,000,000 to 300 base pairs using the formula  
Mass	of	plasmid	DNA	needed = 	mass	of	single	plasmid ∗ copy	number 
4. Calculate the concentrations of plasmid DNA needed to achieve the copy numbers by 
using the formula 
Concentration	of	Plasmid	DNA	(C ) = mass	of	plasmidvolume  
Note: The unit of C2 is µ grams/mL and the volume is 0.0034 mL  
5. Prepare a serial dilution of the plasmid DNA. 
6. The following formula should be used to calculate the volume needed to prepare the 
30,000,000 copy standard dilution from the stock plasmid DNA.  
CPVP =	C V  
Where: 
C1 = Concentration of stock plasmid DNA (µg/mL) 
V1 = Volume of stock plasmid DNA required 
C2 = Concentration of plasmid DNA needed to achieve the copy number 
V2 = Final volume of plasmid DNA standard dilution (mL) 
Volume of diluent (mL) = V2 – V1 
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Note: The diluent can be sterile 1X TE (1mM Tris, 0.1mM EDTA, pH8.0) or 
sterile, nuclease-free H2O 
7. Use the above formula and prepare standard plasmid DNA present at 3,000,000, 
300,000, 30,000, 3,000 and 300 copy numbers, each of required volume.   
C4. Preparation of 96 well reaction plate 
1. Label the reaction plate (96 well) making sure that a set of standards (in triplicate) 
for every target sequence is included as well as a negative control (in triplicate). 
2. Per 50 µl reaction volume, 25µl SYBR green master mix, 4 µl each of reverse and 
forward primers (300 nM), 12 µl sterilized DDI and 5 µl DNA template.  Mix 
master mix, primers and DDI water in 1.5 ml amber centrifuge tube. 
Note: All the primers should be diluted to the required concentration with 
sterilized DDI water before use. 
3. The reactions containing standards should be prepared in the same way as the 
unknown except for the known quantity of template (plasmid DNA). 
4. First pipette DNA template into reaction wells before pipetting primer and SYBR 
green mix. 
Note: Keep all samples on ice until loaded into ABI 7900HT. 
5. Seal the reaction plate with an optical adhesive cover as soon as all the reagents 
are transferred into the reaction plate. 
6. Vortex the plate for 5 seconds. Centrifuge the plate for 1 minute so that the master 
mix is positioned in the bottom of the well and no air bubbles are present. 
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C5. Creating an absolute quantification plate document  
1. Start the SDS software. Then select File > New plate wizard to open the create 
plate document wizard 
2. Select standard curve (AQ). Choose to add the document to the manual queue. 
3. Select plate type.  
4. Then select to create the document from the preferred source. 
5. Enter the samples to use in the plate. 
6. Select Tools > Detector Manager. Enter detectors for use in the plate document. 
7. Then specify the samples, detectors and tasks for each well 
 
8. Select the Instrument > Thermal profile tab. 
9. Then enter the chosen thermal cycling conditions. 
10. In the thermal profile tab, click add dissociation stage. Add the dissociation 
temperature of the amplicons. Choose the temperature from 50 to 99°C with steps 
of 1
o
C and a hold of 5 seconds. 
C6. Performing an absolute quantification run. 
1. Select the Instrument > Real-Time tab. 
2. Then click connect to instrument. Then click on Open/Close button. 
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3. The instrument tray will then rotate to the out position. 
4. Load the reaction plate into the instrument tray. For proper orientation of the plate 
refer to the manual of the instrument. 
5. Then click Start Run. The instrument tray will then rotate to the IN position.  
6. After the run select Analysis > Analysis Settings > Detector tab 
7. In the detector tab select all detectors and then select Automatic Ct. The SDS 
software will automatically generate baseline values for each well and threshold 
values for each detector. 






Appendix D. qPCR Standard Curves 
 
Figure D.120qPCR response curve for universal Bacteria primers and Dehalobacter 
primers for yield experiment. 
 
Figure D.221qPCR control chart for slope of universal Bacteria primers for yield 
experiment. 
y = -1.2244x + 37.153
R² = 0.9805



























































Appendix E. Protein Analysis Protocol 
E1. Micro BCA Protein Assay Protocol 















Preparing the Phosphate Buffer Standards 
1. Vial A: Add 4.5 ml of 20 mM phosphate buffer and 0.5 ml of BSA stock to a 
COD vial. Mix.  
2. Vial B: Transfer 2.0 ml of Vial A to a new COD vial.  Add 8.0 ml of phosphate 
buffer. Mix. 
3. Vial C: Transfer 4.0 ml of Vial B to a new COD vial.  Add 4.0 ml of phosphate 
buffer. Mix. 
4. Vial D: Transfer 4.0 ml of Vial C to a new COD vial.  Add 4.0 ml of phosphate 
buffer. Mix. 
5. Vial E: Transfer 4.0 ml of Vial D to a new COD vial.  Add 4.0 ml of phosphate 
buffer. Mix. 
6. Vial F: Transfer 4.0 ml of Vial E to a new COD vial.  Add 4.0 ml of phosphate 
buffer. Mix. 
7. Vial G: Transfer 3.2 ml of Vial F to a new COD vial.  Add 4.8 ml of phosphate 
buffer. Mix.  
8. Vial H: Transfer 4.0 ml of Vial G to a new COD vial.  Add 4.0 ml of phosphate 
buffer. Mix.  
9. Vial I: Add 8.0 ml of phosphate buffer to new COD vial. (Blank= 0 µg/mL). 
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Protein Analysis (Test Tube Procedure) 
1. Pipette 0.9 ml of each standard/ unknown sample and 0.1 ml 10 M NaOH into 
appropriately labeled test tubes (centrifuge tube).  
2. Place in water bath at 90°C for 10 minutes. 
3. Add 1.0 ml of the working reagent to each tube and mix well. 
4. Cover tubes and place in a water bath at 60°C for 1 hour. 
5. Take out and cool to room temperature.  
6. With the spectrophotometer set to 562 nm, zero the instrument on a cuvette filled 
only with water. Subsequently, measure the absorbance of all the samples within 
10 minutes 
7. Subtract the average 562 nm absorbance reading of the Blank standard replicates 
from the 562 nm reading of all the other individual standard and unknown sample 
replicates. 
8. Prepare a standards curve by plotting the average blank-corrected 562 nm reading 
for each BSA standard vs. its concentration in µg/ml.  Use the standard curve to 
determine the protein concentration of each unknown sample. 
 
Working Reagent 
1. Determine total volume of WR needed: 
(#	-61(\1@\- + #	8(^(*_(-) × (#	@'+2,)16'-)
× (a*28.'	*b	c7	+'@	-1.+2') = 	6*612	a*28.'	c7	@'d8,@'\ 
Note: 1 ml of WR is required for each sample in the Test Tube Procedure.   
2. Prepare WR by mixing 25 parts of Micro BCA Reagent MA and 24 parts Reagent 
MB with 1 part of Reagent MC (25:24:1).   
E2. Compat-Able Protein Assay Preparation Reagent Protocol 
1. In duplicates, dispense 50 µl of each sample to be treated into a 2.0 ml 
microcentrifuge tube.   
2. Add 500 µl of Compat-Able Protein Assay Preparation Reagent 1 to each 
microcentrifuge tube.  Mix and allow the tubes to stand at room temperature for at 
least five minutes. 
3. Add 500 µl of Compat-Able Protein Assay Preparation Reagent 2 to each 
microcentrifuge tub.  Mix and centrifuge at a minimum of 10,000 g for at least 
five minutes. 
4. Invert each tube and discard the supernatant.  Blot the open end of the inverted 
tube on clear paper toweling to completely remove the supernatant.  The protein 
pellet may be difficult to see as it may form a thin layer on the walls of the tube. 
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5. Dissolve the protein pellet in the original sample volume (50 µl) of DDI water.  
Vortex vigorously to solubilize the pellet.   
6. Perform the total protein assay per the selected protein assay kit instructions. 
E3. Micro BCA Filtering Protocol 
1. For unknown samples, pass 50 mL of culture through a 0.22 µm filter (Pall) using 
a PHD 2000 syringe pump (Harvard Apparatus) at a rate of 100 ml/hr.   This 
should be done in an anaerobic chamber.    
2. For standards, pass 50 mL of fresh media through a 0.22 µm filter (Pall) using a 
PHD 2000 syringe pump (Harvard Apparatus) at a rate of 100 ml/hr.   This should 
be done in an anaerobic chamber. 
3. Flush filter with 20 mL of 20 mM phosphate buffer at pH 7.0. 
4. Place filter into a 1.5 mL microcentrifuge tube. 
5. Add 0.9 mL BCA standard and 0.1 mL 10 M NaOH to centrifuge tube with filter. 
6. Remove samples from anaerobic chamber.   





Appendix F. Protein Analysis Standard Curves 
Initially, protein concentrations in the MSM were measured using the Micro-BCA 
reagent (Thermo Scientific).  The absorbance values were compared to BSA standards 
which were treated using the same method.  Several samples were found to contain 
substances that interfere with the total protein quantitation.  The Compat-Able Protein 
Assay Preparation Reagent Set (Pierce) was used to pre-treat the samples to remove 
interfering substances.  The protein concentration of the treated samples was then 
determined following the Micro-BCA reagent protocol.  Once it was determined all the 
interfering substances were not removed using the Compat-Able Protein Assay 
Preparation Reagent Set, a new method for protein quantitation was developed in which 
the culture was filtered (after protein hydrolysis) to remove interfering substances.   
Standards were also prepared using the same method with fresh MSM.   To be consistent, 
20 mM phosphate buffer standards were used instead of DDI to flush the filter as well for 
the standards.  Standards were run with and without the filter to determine if the filter 
would interfere with the results.  The presence of γ-HCH interfered with the protein 





Figure F.123Micro BCA standard curve for (a) 20 mM phosphate buffer + 10 M NaOH 






Figure F.224Micro BCA standard curve for 20 mM phosphate buffer + 10 M NaOH + γ-

























20 mM Phosphate Buffer + NaOH
20 mM Phosphate Buffer + NaOH + Filtered Media
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